Pneumonia is the leading cause of mortality in children in developing countries and is also the leading infectious cause of death in adults. The most important cause of pneumonia is the Gram-positive bacterial pathogen, Streptococcus pneumoniae, also known as the pneumococcus. It has thus become the leading vaccine-preventable cause of death and is a successful and diverse human pathogen. The development of conjugate pneumococcal vaccines has made possible the prevention of pneumococcal disease in infants, but has also elucidated aspects of pneumococcal biology in a number of ways. Use of the vaccine as a probe has increased our understanding of the burden of pneumococcal disease in children globally. Vaccination has also elucidated the clinical spectrum of vaccine-preventable pneumococcal infections; the identification of a biological niche for multiple pneumococcal serotypes in carriage and the differential invasiveness of pneumococcal serotypes; the impact of pneumococcal transmission among children on disease burden in adults; the role of carriage as a precursor to pneumonia; the plasticity of a naturally transformable pathogen to respond to selective pressure through capsular switching and the accumulation of antibioticresistance determinants; and the role of pneumococcal infections in hospitalization and mortality associated with respiratory viral infections, including both seasonal and pandemic influenza. Finally, there has been a recent demonstration that pneumococcal pneumonia in children may be an important cause of hospitalization for those with underlying tuberculosis.
INTRODUCTION
Pneumonia is the leading cause of mortality in children [1] . As the bacterial pathogen Streptococcus pneumoniae has been known for over a century to be a major cause of that mortality, the development of a new vaccine to combat the disease has allowed new insight into the biology of this important human pathogen. The pneumococcus, which has at least 93 different polysaccharide capsules, is a leading bacterial cause of pneumonia, meningitis, otitis media and sinusitis. The usefulness of capsules to vaccinate humans against these pneumococcal diseases has been known for over 50 years [3] . It was an observation by Oswald Avery in 1931 that lead the way, however, to a new generation of pneumococcal conjugate vaccines (PCVs) that were introduced for immunization of infants in the year 2000. He showed that the type III pneumococcal capsule retained its specific immunogenicity when conjugated to a foreign protein [4] . Polysaccharide antigens are poorly immunogenic in children less than 2 years of age, but conjugation of the polysaccharide to a protein overcomes this problem and makes the combined polysaccharide -protein complex immunogenic in young children less than 2 years of age, The development and introduction of PCVs have led researchers to a number of recent observations that have enhanced our understanding of pneumococcal disease. The first licensed vaccine comprised seven capsular types of the pneumococcus (serotypes) each conjugated to a mutant diphtheria toxoid called CRM 197 . This vaccine is known as PCV7 and has now been replaced by higher valency vaccines containing 10 or 13 serotypes conjugated to a variety of proteins (PCV10 and PCV13, respectively).
THE CLINICAL SPECTRUM AND BURDEN OF PNEUMOCOCCAL DISEASE
Attempts to elucidate the global burden of pneumococcal disease have been frustrated by a lack of sensitivity of current diagnostic methods. As pneumococcal pneumonia is the main contributor to the global burden of pneumococcal disease mortality, its diagnosis is key to measure that burden. Diagnosis may be made in adults by microscopy or culture of goodquality sputum specimens, but children with pneumonia rarely produce purulent sputum. Blood culture is a highly specific diagnostic method but is positive only in a small fraction of presumed pneumococcal pneumonia cases in children. Attempts to culture the lungs themselves are invasive and rarely performed. There is also a paucity of diagnostic laboratories in developing countries and a lack of utilization of the meagre resources available in those countries [5, 6] . The millennium development goal 4, which aims to reduce the infant mortality rate (IMR) by two-thirds to under 40 deaths per thousand live births globally by 2015, is dependent on interventions to reduce pneumonia deaths, as the fraction of pneumonia deaths increases with increasing IMR [1, 7] , but the contribution of the pneumococcus to that burden cannot be determined because of the insensitivity of these current diagnostic tests.
The contribution of the pneumococcus to the pneumonia fraction of the IMR has recently been elucidated by observations from three pivotal clinical trials in Africa and Asia, which showed that PCV can reduce chest radiograph-confirmed pneumonia [8 -10] . Based on these clinical trials and the distribution of pneumococcal serotypes globally, it has been possible to better define the global burden of pneumococcal mortality. This study emphasizes the burden of disease in Africa, but also the significant number of pneumococcal deaths in highly populated countries such as India and China [2] (figure 1).
These trials also demonstrated that the burden of hospitalized lower respiratory tract infection extends beyond alveolar consolidation on X-ray [11] to include clinical pneumonias that do not have wheezing, but have a raised C-reactive protein [12] . Extension of these data from efficacy trials to the demonstration of PCV effectiveness in the prevention of pneumonia in countries where vaccination has been part of routine childhood immunization has been a challenge. Although pneumonia is considered to be the leading cause of childhood deaths globally [1] , there are few, if any, systematic population-based pneumonia surveillance programmes even in developed countries, let alone the poorest developing countries in which most of the pneumonia deaths occur. In the USA, surveillance based on rates of hospitalizations, which are coded in the International Statistical Classification of Diseases and Related Health Problems, v. 9 (ICD9), has been used to show a significant reduction in ICD9 code 481, which includes pneumococcal pneumonia and lobar pneumonia in children less than 2 years of age, since the introduction of PCV7 [13] . The direct effect on pneumonia has been confirmed by review of records in children less than 1 year of age in one group health setting in Washington State [14] . Long-term trends from Quebec have also confirmed a significant reduction in lobar pneumonia in infants following the introduction of PCV7 in that Canadian province [15] . A similar impact has been demonstrated in Australia in children [16] . A recent long-term analysis of more than a million hospitalizations in 24 per cent of the US population has demonstrated a 47 per cent reduction (95% CI 38-54%) by 2006 in the rate of pneumococcal or lobar pneumonia coded as ICD9 481, among children less than 2 years of age, compared with a pre-PCV7 baseline of 1997 -1999 [17] .
Other insights from the conjugate pneumococcal vaccine trials include the significant contribution of pneumococcal disease to the hospitalization of HIV-infected children and the potential of vaccination to reduce that burden [9] . Over 90 per cent of the pneumococcal disease burden of pneumonia and meningitis associated with HIV is in Africa [2] , which makes the case for the introduction of vaccination into this at risk group particularly compelling. There are also data from a recent randomized trial in adults showing that conjugate vaccination may be protective against vaccine-type invasive pneumococcal disease (IPD) among HIV-infected adults in Malawi [18] .
A further insight from vaccination into the clinical spectrum of pneumococcal disease is the identification of the role played by the pneumococcus in the aetiology of culture-negative empyema in the antibiotic era. It has been observed that the increase in invasive disease owing to pneumococcal serotypes not included in PCV7 has been temporally associated with an increase in culture-negative empyema [19] . Where there has been extensive use of the polymerase chain reaction to detect pneumococcal DNA in empyema specimens, the role of these non-vaccine types as the leading cause of culture-negative empyema has been clearly established [20, 21] .
The randomized trial of a 9-valent PCV in The Gambia [8] showed that rural children with less access to care have a greater burden of pneumococcalattributed pneumonia than children from urban [9] or peri-urban settings [10] . The Gambian study also demonstrated a 16 per cent reduction in all-cause mortality among recipients of the conjugate vaccine, which reduced IPD by 45 per cent [8] , suggesting that the true contribution of the pneumococcus to mortality may be in excess of 30 per cent in that community.
CHILDREN PLAY A SIGNIFICANT ROLE IN PNEUMOCOCCAL DISEASE TRANSMISSION TO SUSCEPTIBLE ADULTS
The presence of a toddler in day care is recognized as a risk for IPD in household adults [22] . Similarly, contact with a child has been recognized as a risk for IPD in HIV-infected adults [23] . The fraction of IPD in adults owing to serotypes recognized as 'paediatric' types because their natural habitat is the nasopharynx of healthy children, such as those belonging to serogroups 6, 9, 19 and 23, as well as serotype 14, increases as a cause of IPD with increasing age such that these strains caused more than 50 per cent of IPD in over 85 year olds in the USA prior to introduction of PCV7 [24] . There was also a spike in IPD among elderly persons in the first week of the year following the holiday season and this spike has been eliminated by the introduction of PCV7 in the USA, suggesting that it was transmission of these types from young children to their grandparents that led to the winter spike in adult disease [25] . Up to 2007, there had been a 92 per cent reduction in IPD among adults over 65 years of age owing to the seven serotypes in PCV given to infants [26] (figure 2). This phenomenon, attributed to herd protection, has also translated into reductions in the incidence of pneumococcal meningitis across all age groups [27] .
Although it is biologically logical to assume that herd protection afforded to adults by immunization of infants will extend to protection from pneumonia, the confirmation that this is so has taken more time. The original study of vaccine effectiveness in reducing pneumonia hospitalization in children in the USA [13] also found a significant reduction in pneumococcal pneumonia ICD9 coding admissions among young adults of child-bearing age, suggesting protection through herd effects in those expected to spend most time with young children. Although the trends were towards reductions in lobar pneumonia in other age groups, these reductions were not statistically significant. The study which demonstrated the effectiveness of PCV7 in young children in Washington State found no significant reductions in hospital admissions with pneumonia in other age groups [14] , demonstrating perhaps the lack of sensitivity of broad-based hospitalization data over a short time period, during which fluctuations in respiratory admissions for other reasons (for example, a severe influenza season) may make these non-specific longitudinal data difficult to interpret. Two more recent studies, however, based on large-scale documentation of hospitalization data in Australia [16] and the USA [17] , have confirmed that the reductions in IPD seen in adults after infant immunization have extended to reductions in adult pneumococcal pneumonia. Indeed, in the USA over 90 per cent of the reduction in hospitalizations attributable to pneumococcal conjugate vaccination of infants, occurs through prevention of pneumonia in adults [17] . Conjugate vaccines are currently in clinical trial in adults-their effectiveness is of great interest but may be limited in countries where the same vaccines are given to children [28] .
In developing countries, there are studies underway to establish the extent of herd protection resulting from the immunization of infants-it is likely that the patterns of pneumococcal transmission differ between countries and also likely that a greater fraction of the pneumonia prevented will be in children compared with the US data. The basis for this herd protection is the impact of PCV on carriage, and the vaccine impact on carriage has provided a number of further insights into pneumococcal biology.
THE OCCURRENCE OF A BIOLOGICAL NICHE IN THE HUMAN NASOPHARYNX FOR CARRIAGE OF MULTIPLE PNEUMOCOCCAL SEROTYPES
The impact of an early 5-valent PCV on the dynamics of nasopharyngeal carriage of pneumococci not included in the vaccine was first documented in The Gambia with the observation of a replacement phenomenon [29] , later confirmed with the 9-valent PCV in Soweto, South Africa [30] . These studies showed little impact of the vaccine on the overall nasopharyngeal carriage, but a reduction in the carriage of vaccine types which was met with almost complete replacement of those vaccine types by non-vaccine types. The timing of the effect (no impact on carriage a month after immunization), but a 50 per cent reduction in the carriage of vaccine types and increase in non-vaccine types six months later [30] , suggests that PCV-induced antibody does not eradicate the existing carriage but that these antibodies are able to reduce the acquisition of new carriage because of vaccine types. The drop in acquisition of vaccine types seems to create a biological niche allowing the unmasking of subdominant non-vaccine types not previously detected by nasopharyngeal culture, or an increased acquisition of non-vaccine types owing to lack of opposition from vaccine types. The replacement phenomenon observed in carriage post-PCV suggests that there are major differences in the invasiveness of pneumococcal types, as the complete replacement of vaccine types with non-vaccine types in carriage has not, in most instances, resulted in a return to pre-PCV levels of IPD (replacement disease), as would be expected if non-vaccine types were able to cause disease as effectively as vaccine types. In general, the replacing non-vaccine types appear to be less able to cause IPD than the vaccine types. Indeed, the extent of replacement disease has revealed further insights into the susceptibility of populations to pneumococcal serotypes. Replacement disease has been marked among HIV-infected adults in the USA exposed to types not included in the 7-valent PCV [31] , and among indigenous communities in Alaska, where IPD has actually increased among adults post-PCV introduction [32] . The impact of serotype replacement may thus lead to an overall beneficial impact in both children and adults, but may negate these effects in some populations or even lead to deleterious effects [33] . The population at risk for non-vaccine type disease is different from the population of healthy children previously at risk of IPD, so that there may be particular risks for disease among the increasing numbers of adults and children living with chronic underlying diseases.
NASOPHARYNGEAL CARRIAGE AS A PRECURSOR TO INFECTION
In a longitudinal study of pneumococcal acquisition from birth, Gray et al. [34] showed that the risk of pneumococcal disease was greatest within a month of the acquisition of carriage of a new serotype. There is thus a link between acquisition of carriage and potential for disease. The 23-valent pneumococcal polysaccharide vaccine which has been given to adults for the past 30 years (it is not given to children less than 2 years of age as it is poorly immunogenic in that age group) does not appear to prevent carriage in most populations and also does not seem to prevent non-bacteraemic pneumonia in those same populations. In the two populations of young soldiers and gold miners in whom this vaccine protected against pneumonia [3, 35] , the vaccine also impacted on nasopharyngeal carriage ( [3] and H. J. Koornhof 2011, personal communication). Conjugate pneumococcal vaccines reduce both carriage and pneumonia. It is therefore possible that the impact of conjugate vaccines on pneumonia is at least in part a function of their ability to prevent acquisition of carriage and/or to prevent the increase in density of carriage that may lead to micro-aspiration and pneumonia.
There are semi-quantitative data on the density of carriage that suggest a reduction in the density of carriage post-vaccination with PCV [36] , but more studies using molecular methods are in progress. The usefulness of measurement of the density of pneumococcal carriage in the nasopharynx as a diagnostic tool for pneumonia is also of current interest. Bacterial densities are increased among pneumonic adults [37] and children [38] when compared with controls, but the serotype-specific densities remain unclear and the diagnostic usefulness in an individual patient remains to be clearly established. The relationship between density of pneumococcal colonization and microaspiration leading to pneumonia is a fruitful area for further clinical investigation.
ROLE OF ANTIMICROBIAL RESISTANCE IN THE PERSISTENCE AND SEROTYPE DISTRIBUTION OF PNEUMOCOCCI
There has been a change in the serotype distribution of pneumococci causing invasive disease in adults over the past century, particularly in developed countries, with a gradual increase in the proportion of invasive disease strains among adults that have serotypes that are carried by children [39] . The reason for this change is not certain but it first became obvious after the introduction of antibiotics in the 1940s, suggesting that the selective advantage of antimicrobial resistance may be playing a role. Another factor may be the increasing age of the at-risk population in developed countries, with elderly patients at particular risk for invasive disease owing to 'paediatric' pneumococcal serotypes [24] .
As in the pre-PCV era, antimicrobial resistance was mainly seen among PCV serotypes, the introduction of PCV was thought to be a potential tool to decrease pneumococcal resistance [40] , and initial results during a clinical trial [9] , and following PCV introduction, suggested that indeed there had been both an absolute [41, 42] and relative [43] reduction in disease caused by resistant strains compared with susceptible strains of pneumococci. These reductions have been undermined by the rapid evolution of resistance in non-vaccine strains causing invasive disease such that the proportion of such strains resistant to antibiotics has now reached prevaccine levels [44, 45] , even if the absolute number of cases of disease has decreased. In particular, there has been a rapid expansion of antimicrobialresistant serotype 19A, leading to the speculation that the resistance alone may be sufficient to explain the ascent in the prevalence of this serotype. In the context of a randomized clinical trial [46] of PCV, it has recently been shown that vaccinees had an excess of carriage of serotype 19A regardless of their drug susceptibility. It is therefore likely that both antimicrobial resistance and vaccine pressure have led to the selection of resistance in non-vaccine types.
ROLE OF THE PNEUMOCOCCUS IN INFLUENZA-ASSOCIATED PNEUMONIA HOSPITALIZATION AND MORTALITY
It has been recognized for many years that viral infections, such as the common 'cold' can progress to severe bacterial pneumonia. The insensitivity of diagnostic methods to detect bacterial (including pneumococcal) pneumonia has meant that the extent of this interaction and the specific pathogens involved could not be accurately measured. The 9-valent PCV was shown to reduce not only X-ray confirmed pneumonia hospitalization in Soweto, South Africa, but also hospitalization associated with a number of respiratory viruses including RSV, influenza, para-influenza [47] and human metapneumovirus [48] (table 1) . The impact of a 45 per cent reduction in influenzaassociated pneumonia by a vaccine that protects against only around 50 per cent of the serotypes associated with IPD in that community, suggests that more than half of the morbidity owing to influenza in children in that community may be preventable by PCV. These observations have led not only to a renewal in interest both in the biology of the interaction between the pneumococcus and respiratory viruses, but also to a re-examination of the role of the pneumococcus in mortality during the 1918 influenza pandemic.
In an elegant experiment performed in monkeys 35 years ago, it was clearly shown that pre-exposure of monkeys to influenza virus increases the load of pneumococcal exposure in the blood from 55 to 30 000 colonies ml 21 [50] . Similarly, the pneumococcal load in the lungs of influenza pre-exposed monkeys was more than 100 000 colonies ml 21 compared with 90 colonies ml 21 in monkeys exposed to the pneumococcus alone [50] . The order of exposure to both the pathogens has been shown to be important in mouse studies in which influenza virus following pneumococcal exposure does not lead to the deleterious effects seen when the pneumococcus follows influenza virus [51] . It is thus the response to influenza virus (or other respiratory viruses) that down-regulates the innate immune response to the pneumococcus. There are a number of hypotheses for the mechanism of downregulation, including induction of gammainterferon leading to downregulation of the MARCO receptor in alveolar macrophages [52] , and type 1 interferon-mediated reduction in the production of chemo-attractants for neutrophils [53] . Influenza infection also increases susceptibility to pneumococcal acquisition in ferrets [54] and the role of respiratory viruses may be critical to the transmission of the pneumococcus in humans, with observations over the past 50 years suggesting enhanced isolation of pneumococci from individuals with symptomatic upper respiratory tract infections [55] [56] [57] .
A re-analysis of the lung autopsy specimens from 58 patients who succumbed to pneumonia during the 1918 influenza pandemic revealed the evidence of bacterial infection in all the specimens [58] , and likewise, an analysis of the blood, lung and pleural fluid cultures obtained during life from influenza patients who developed pneumonia, reveals a predominance of bacterial infections, particularly by pneumococci, followed by haemolytic streptococci [59] . Finally, although the effectiveness of whole cell bacterial vaccines directed against the pneumococcus has not been established, there is evidence from the 1918 pandemic that these types of vaccines may have contributed to a reduction in influenza-associated pneumonia and mortality [60] .
PCV has thus made a major contribution to our understanding of the interaction of the pneumococcus with viral infections, and the role of the pneumococcus in viral-associated severe pneumonia.
ROLE OF THE PNEUMOCOCCUS IN THE HOSPITALIZATION OF CHILDREN WITH PULMONARY TUBERCULOSIS
It is well-recognized that African children who die of tuberculosis (TB) may have concomitant bacterial pneumonia [61] . TB may predispose to the development of another bacterial infection, or the pneumococcal infection may reactivate latent pulmonary TB. In a series of 138 children with culture-proven pulmonary TB, nearly half of them had less than 10 days duration of symptoms [62] . We therefore made use of the long-term follow-up of children enrolled in the South African 9-valent PCV trial to investigate the potential role of the vaccine in the (table 1) . These data suggest that acute pneumococcal pneumonia may be a major reason for young children exposed to TB to present to hospital with acute pneumonia. The molecular basis of this interaction is unknown but it is possible that the proposed mechanism of susceptibility following respiratory viral infection, associated with interferon gamma response and its downregulation of alveolar macrophage activity, may also play a role in pneumococcal susceptibility following a new infection with TB.
UNRESOLVED ISSUES
A number of unresolved issues are amenable to investigation by analysis of the roll-out in developing countries of new PCVs-PCV10 and 13-which include three and six additional serotypes to PCV7, respectively (both have additional serotypes 1, 5 and 7F, with PCV13 also including serotypes 3, 6A and 19A). These will include the extent to which these vaccines can induce herd protection, and not lead to erosion of protection owing to non-vaccine serotypes. In developing countries much pneumococcal disease is seen in patients with underlying nutritional deficiency or immunological disease such as HIV which may make them susceptible to disease owing to less-invasive non-vaccine serotypes. The patterns of transmission of the pneumococcus in developing countries are less well understood than in the industrialized world so that vaccination of a limited cohort of children may be less able to induce herd immunity. It will be of particular interest to evaluate the impact of PCV10 and 13 in infants on the epidemiology of the type 1 pneumococcus, which is the predominant pneumococcal type in developing countries [63] , but it appears to be rarely carried by children. Furthermore, immunity to this type could not be demonstrated in the trials of the 9-valent conjugate vaccines in Africa. The biological insights that have been gained from conjugate vaccine trials raise further questions about future vaccine-use strategies. Surveillance of nonvaccine serotypes that increase after vaccination needs to be in place in developing countries to accurately measure the impact of vaccine and this may include the need for more sophisticated surveillance, such as identification of empyema. Surveillance of carriage is an essential tool in predicting the success or failure of vaccination strategies globally. The role of the pneumococcus in co-infections with respiratory viruses and TB suggests specific groups of patients who may be targeted for vaccination. It may be that the current strategy may succeed in the long term in that it allows unchanged pneumococcal carriage, but relies on lower virulence of the remaining colonizing strains. The issue of a broad protein-based approach to pneumococcal vaccination is, however, of interest. There are no data to date to suggest that protein-based vaccines may induce the same levels of protection and herd immunity seen with conjugate vaccines, so they are likely to be developed as adjuncts to the current conjugate strategy. This will make the vaccines even more complex and expensive. The addition of proteins also increases the possibility that eradication of all pneumococcal carriage may expose a niche for enhanced colonization and disease caused by other pathogens such as staphylococci or Gram-negative bacteria-these concerns remain theoretical at this time. There is renewed interest in whether simple interventions such as whole cell-killed pneumococcal vaccines may play a role in the induction of pneumococcal immunity [64, 65] . A re-analysis of the attempts using killed bacterial vaccines to prevent death and pneumonia following influenza during the 1918 pandemic supports the idea that these vaccines may have had some efficacy [60] .
The introduction of conjugate pneumococcal vaccines effective in the prevention of pneumococcal pneumonia has elucidated many aspects of pneumococcal biology and holds the key to reduction of this major vaccine-preventable cause of death in all age groups.
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